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1. Supplementary Notes 
Supplementary Note 1: Discussion on the temperature effect  
The tellurene synthesis is also influenced by the reaction temperature. The reaction was 
carried out through the reduction of Na2TeO3 by hydrazine in alkaline solution. The reaction 
equation can be written as follow9: 
𝑇𝑒𝑂3
2− + 3𝐻2𝑂 + 4𝑒
− → 𝑇𝑒 + 6𝑂𝐻−  𝜑𝜃 = −0.57 𝑉 
𝑁2𝐻4 + 4𝑂𝐻
− → 𝑁2 ↑ +4𝐻2𝑂 + 4𝑒
−  𝜑𝜃 = −1.16 𝑉 
where 𝜑𝜃 is the standard electrode potential. They are measured at 298 K and under standard 
pressure (𝑝𝜃 = 100𝑘𝑃𝑎). According to Nernst equation, ∆𝐺 = −𝑧𝐸𝐹, where z is the number of 
transferred electrons, E is the electromotive force, and F is the Faraday constant, which is 96500 
C∙mol-1, the overall reaction is spontaneous change because of the negative change of Gibbs free 
energy, which seems not to be related to the temperature. However, the half reaction of 
hydrazine oxidation is endothermic reactions, driven by the increase of entropy. The higher 
temperature promotes the forward reaction rate in this half reaction, leading to higher 
productivity of 2D Te. It can be seen in Supplementary Fig. 8 that the productivity dramatically 
increased from 160 ℃ to 180 ℃. But there is no significant difference between 180 ℃ and 200 
℃, possibly due to the breaking of the weak van der Waals bonds between Te chains and the 
damaging the 2D Te nanostructures by the high temperature with extra energy of Te atoms. 
There may be a balance between the improvement of the degree of reaction and the excessive 
energy decomposing the nanostructure. These results warrant further in-depth investigations.  
Thickness-mobility dependence fitting 
The field-effect mobility displays a non-monotonic dependence on Te film thickness. Thomas-
Fermi screening effect10 has been successfully applied to model the total conductance in a biased 
2D material film with a certain thickness, such as graphene, MoS2, and black phosphorus11-13. Here 
we adopted the same method to fit the mobility-thickness relationship. Due to charge screening, 
the mobility µ and carrier density n in thin films are no longer uniform but a function of the depth 
from the interface z. Considering a slab with infinitesimal thickness dz at depth z, the total 
conductance σ(z+dz) will be the conductance of this thin slab plus the total conductance of σ(z) 
in series with two interlayer resistance Rint to form a resistor network as shown in Fig. S15, which 
gives recursion equation11: 
σ(z + dz) = qn(z)μ(z)dz +
σ(z)
1
2𝑅𝑖𝑛𝑡
  
σ(z) +
1
2𝑅𝑖𝑛𝑡
                                                       (1) 
By replacing Rint with the resistance of unit length r multiplied by dz, we can reform the eq. 
(1) into a differential equation: 
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𝑑σ
𝑑𝑧
= qn(z)μ(z) − σ(z)2r                                                                (2) 
The Thomas-Fermi screening effect goes that the carrier density and mobility decays as depth 
increases with a characteristic screening length λ. Therefore we can express n(z) and  µ(z) as12: 
n(z) = n(0) exp (−
𝑧
λ
)                                                                   (3) 
μ(z) = μ𝑖𝑛𝑓 − (μ𝑖𝑛𝑓 − μ0)exp (−
𝑧 − 𝑧0
λ
)                                                   (4) 
where µinf and µ0 are the mobility at infinity and the interface respectively. 
By substituting eq.3 and eq.4 back to eq.2, we can derive an expression for total conductance 
σ(z). Finally, we convert the total conductance into effective mobility with the simple relation: 
𝜇𝐹𝐸(z) =
𝜎(𝑧)
𝑄𝑡𝑜𝑡
                                                                  (5) 
where Qtot is the total gate-induced charge in the entire channel which can be estimated by 
multiplying gate voltage by Cox. 
This model fits well with our experiment data, and the calculated Thomas-Fermi screen length 
is 4.8 nm which is a reasonable value compared to other material systems such as MoS2 and black 
phosphorus.  
 
Thickness-dependent on/off ratio in 2D Te FETs 
Most of the 2D FETs are operated in accumulation-mode or depletion-mode junction-less 
type field-effect transistors with oxide as the dielectric. Their device operation is very similar to 
III-V MESFETs or HEMTs and thin film transistors such as Indium–gallium–zinc oxide (IGZO) ones. 
They are very different from the conventional Si MOSFETs which are operated in inversion-mode 
and independent on film thickness. A simplified model to demonstrate the degradation of on/off 
ratio with thickness is presented following. At on-state, the carrier transport is mainly 
contributed by gate induced accumulated carriers located within a few nanometers from the 
interface and the doped channel. Therefore, the on-state current varies several times for a wide 
range of thickness as confirmed by the experimental data. We define the off-state to be the 
scenario where the Fermi energy is at charge neutral point at the interface, as shown in Figure 1 
(for simplicity, we ignore Schottky contact impact and electron and hole mobility difference in 
off-state). The surface potential or band bending at off-state is deduced to be around 0.15 V, 
which is a reasonable estimation considering the 0.35 eV bandgap of Te and the fact that the 
Fermi level of bulk Te is closer to its valence band. Under depletion approximation, we can then 
derive the surface potential at certain depth x (distance to the interface) by solving Poisson’s 
equation:  
3 
 
𝜑𝑠(𝑥) =
𝑞𝑁𝐴
2𝜀𝑠𝜀0
(𝑥 − 𝑥𝑑)
2, 
where 𝜀𝑠 is the permittivity of Te, 𝜀0 is the vacuum permittivity, 𝑁𝐴 is the intrinsic doping level 
and 𝑥𝑑 is the maximum depletion width which is calculated to be  
𝑥𝑑 = √
2𝜀𝑠𝜀0𝜑𝑠(0)
𝑞𝑁𝐴
⁄ ≈ 22 𝑛𝑚, 
close to experimentally observed thickness range where the on/off ratio starts to saturate. The 
hole density at 𝑥 then can be expressed by:  
𝑝(𝑥) = 𝑝0 exp(− 𝑞𝜑𝑠(𝑥) 𝑘𝑇⁄ ). 
We plotted the surface potential and carrier distribution as a function of distance 𝑥 in Figure 2. 
By integrating carrier density 𝑝(𝑥) with 𝑥, the off-state sheet carrier density can be numerically 
calculated as a function of flake thickness t: 
𝑛2𝐷_𝑜𝑓𝑓(𝑡) = ∫ 𝑝(𝑥)𝑑𝑥
𝑡
0
, 
as shown in Figure 3. We can see that the off-state carrier sheet density increases by more than 
4 orders as the thickness increases from monolayer to over 22 nm. Since 
𝐼𝑜𝑛/𝐼𝑜𝑓𝑓 ≈ 1/𝐼𝑜𝑓𝑓 ∝ 1/𝑛2𝐷_𝑜𝑓𝑓(𝑡), 
we expect the on/off ratio degrades as carrier density increases in thicker flakes. If the film 
thickness is larger than the maximum depletion width, the device cannot be turned off, and the 
situation becomes trivial and obvious.  
Noted that the above discussion is barely a simplified illustration why on/off ratio has such a 
thickness-dependent trend whereas in real devices the situation can be much more complicated. 
 
 
 
 
Figure 1. Band diagram at along MOS stack direction. We define the off-state to be the scenario where the Fermi 
level at the interface is located at the charge neutral level. 
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Figure 2. The potential (upper) and carrier concentration (lower) distribution at off-state as a function of distance 
from the semiconductor-oxide interface. The maximum depletion width is around 22.3 nm. 
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Figure 3. The 2D sheet density at off-states for flakes with different thickness. 
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Supplementary Figures  
 
 
 
 
Supplementary Figure 1  Thickness-dependent bandgap for tellurene, calculated by HSE 
functional. The bandgap shows a linear dependence on the inverse number of layers, following 
Eg = 0.38 + 1.8/n (eV). As n goes to infinity, this relation gives a band gap of 0.38 eV for the bulk 
Te, in good agreement with the experimental data. Given the interlayer distance ~ 3.91 Å, this 
relation can be rewritten as Eg = 0.38 + 1.8*3.91/t (eV), where t is the thickness (Å). 
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Supplementary Figure 2  Large-scale transfer and assembly of 2D tellurene into (a) networked 
thin film through ink-jet printing and (b) monolayer thin film through LB method. 
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Supplementary Figure 3  Optical and AFM images of tellurene flakes with various edge lengths 
and thicknesses. The scale bar is 20 m. 
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Supplementary Figure 4  Structural, composition, and quality characterization of tellurene. a, 
Low-resolution TEM image of a tellurene flake. The contour contrast is due to bending of the 
flake. b, Simulated diffraction pattern. c, XRD result of 2D Te crystals show high crystallization 
without impurity peaks in the material, in good agreement with JCPDF card number:36-1452 for 
tellurium. d, EDS spectra confirming the chemical composition of Te. The Cu peaks in EDS spectra 
come from Cu TEM grid. 
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Supplementary Figure 5   Morphology evolution in the growth from early to final stages. The 
scale bars are 200 µm and 50 m in the main figures and insets.  
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Supplementary Figure 6  a, Low-resolution TEM images of the intermediate structures with 
edges showing different angles with respect to [0001] direction. b and c, STEM images of two 
such structures showing that the edges are made of many steps.  
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Supplementary Figure 7  AFM data supporting Fig. 2c thickness. The width is the direction which 
is vertical to <0001>.The scale bar is 50 µm. The table shows the detailed PVP concentration for 
each group in Fig. 2c.  
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Supplementary Figure 8  Productivity of tellurene grown at different reaction temperatures. The 
Na2TeO3/PVP ratio is 52.4/1 for all reactions here. Scale bar: 50 m. Mean values from 5 technical 
replicates are indicated. Error bars represent s.d. 
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Supplementary Figure 9  Post-growth thinning process in the alkaline growth solution (pH ~ 11.5) 
for obtaining ultrathin few-layer tellurene. The scale bar is 5 m. Mean values from 8 technical 
replicates are indicated. Error bars represent s.d. 
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Supplementary Figure 10  Effect of different solvents on the post-growth thinning of tellurene 
in the alkaline growth solution (pH ~ 11.5). The scale bar is 50 m. Mean values from 8 technical 
replicates are indicated. Error bars represent s.d. 
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Supplementary Figure 11  Few-layer tellurene samples obtained after the post-growth thinning 
process (pH = 10.5) The scale bar is 5 m.  
 
 
 
 
 
 
 
 
 
 
 
 
20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 12  Effect of pH values of the tellurene dispersion solution on the post-
growth thinning processes. Mean values from 8 technical replicates are indicated. Error bars 
represent s.d. 
 
 
 
 
 
Time (Hours) 
21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 13  Schematic shows the three main Raman-active modes in chiral-chain 
van der Waals material tellurene. 
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Supplementary Figure 14   Angle-resolved Raman Spectra for a 9.7 nm thick sample.  a, Raman 
spectra evolution with angles between crystal orientation and incident laser polarization. b-e, 
Polar figures of Raman Intensity corresponding to A1 and two E modes located at 96 (E1-TO), 105 
(E1-LO), 130 (A1), and 145 (E2) cm-1. The fitting curves are described in Supplementary methods. 
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Supplementary Figure 15   Angle-resolved Raman Spectra for a 28.5 nm thick sample.  a, Raman 
spectra evolution with angles between crystal orientation and incident laser polarization. b-d, 
Polar figures of Raman Intensity corresponding to A1 and two E modes located at 92 (E1-TO), 121 
(A1), 141 (E2) cm-1. The fitting curves are described in Supplementary methods. 
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Supplementary Figure 16  Band edge level (with respect to vacuum) dependence on the number 
of tellurene layers, calculated by using HSE functional. In experiments, the thickness is > 6 layers. 
Therefore, the VBM should be at least higher than -4.8 eV. The Pd metal (used as a contact) has 
a work function of 5.22 - 5.60 eV, below the VBM of Te, so the Te shows a p-type behavior.  
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Supplementary Figure 17  By simply scaling down the channel length to 100 nm, the maximum 
on-current exceeds 550 mA/mm. 
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Supplementary Figure 18  Atomic structure of O adsorption on bilayer Te (left) and P (right). The 
black lines show the periodic boundaries. Note that the scale bars for Te and P are different. 
Compared with the binding in O2, O atom binding to the surface is more favorable by ~-0.7 eV for 
bilayer Te, while ~ -2 eVs for bilayer P. This explains the superior stability of Te than black P.  
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Supplementary Figure 19  Contact resistance was extracted by transfer length method. By 
extrapolating linear curve of total resistance vs. channel length, the contact resistance is 
extracted to be 0.67 and 0.82 Ω∙mm on the same flake for Pd and Ni contacts respectively. Error 
bars arise from a standard error of linear fitting. 
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Supplementary Figure 20  Left, the equivalent resistor network model describing total resistance 
with non-uniform conductance as a function of depth. Right, the fitting curve based on the 
Thomas-Fermi screening model. 
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Supplementary Figure 21  Benchmark comparison of mobility between 2D Te and phosphorene 
using the same device structure, geometry, and mobility extraction method. The data for 
phosphorene is from Ref. 13. 
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Supplementary Figure 22  The in-plane anisotropic electrical transport measurement for a 22-
nm-thick sample. Here, the c-axis is the [0001] direction, and a-axis is the [1210] direction.  
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Supplementary Figure 23 | The output curve of the same device shown in Figure 4a. The linear 
region at small drain bias indicates the contact resistance is negligible. 
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Supplementary Figure 24  Transfer curves of 2D Te transistors fabricated on 2.8 nm (6L), 1.7 nm 
(4L), 1.0 nm (2L) and 0.5 nm (1L) flakes, respectively.  
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Supplementary Figure 25  Stability characterization for 2D Te devices with thickness of 7.8 nm, 
5.1 nm, 3.4 nm, 1.7 nm, and 1.0 nm measured as-fabricated and after a controlled period without 
encapsulation in the air.  
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Supplementary Figure 26  A comparison of mobility values between 2D Te and other 2D 
semiconductors in different thickness ranges. The data for other 2D materials are extracted 
from the references listed in the Supplementary Table 1.  
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Supplementary Table 1: Summary and Comparison of mobility values between 2D Te and 
other 2D semiconductors in different thickness ranges.1 
 
 
Reference Thickness 
(nm) 
Mobility 
(cm2/Vs) 
Comments 
 
 
 
 
 
 
 
BP 
ACS Nano, 2014, 8 (4),4033 5 286 
 
 
Nat. Nanotechnology, 2014, 9, 372 
10 984 
 
8 197 
 
5 55 
 
Nat. Commun., 2014, 5, 4458 5 205 
 
Nano Lett., 2014, 14 (6),3347 8 100 
 
Appl. Phys. Lett., 2014, 104, 
103106 
10 300 
 
ACS Nano, 2014, 8 (10), 10035 18.7 186 Pd contacts 
Nano Lett., 2015, 15(8), 4914 0.55 ~1 low-T (10K), h-
BN capping 
Nano Lett., 2015, 15 (3), 1883 13 310 
 
 
 
 
 
 
 
 
 
 
MoS2 
IEEE Electron Device Lett., 2013, 
34(10),1328 
4 20.4 Molecular 
Doping 
Proc. Natl. Acad. Sci., 2005, 
102(30), 10451 
0.65 0.5~3 
 
J. Appl. Phys., 2007, 101, 014507 8~40 10~50 
 
35 40 
 
Appl. Phys. Lett. 102, 142106 
(2013) 
1.3 17 CVD 
Adv. Mater., 2012, 24(17), 2320 0.7 0.02 CVD 
Nano Lett., 2013, 13 (1), 100 10 184 Scandium 
Contacts 
ACS Nano, 2013, 7 (6), 5446 15 30 high-k dielectric 
Appl. Phys. Lett., 2014, 104, 
093106 
0.65 11 Molybdenum 
contacts 
Appl. Phys. Lett., 2013, 102, 
123105 (2013) 
12 306 Four-terminal 
devices 
ACS Nano, 2012, 6 (10), 8563 5 28 
 
                                                 
1 The prototypical 2D Te transistor in this work is merely a demonstration of its exciting electrical properties, 
whereas most of the state-of-the-art 2D transistors have adopted matured techniques such as doping, 
dielectric/contact engineering. The summary in Table 1 shows that 2D Te device has a good all-around figure of 
merits compared to existing 2D semiconductors. The field-effect mobility of 2D Te has outnumbered almost all p-
type 2D materials and most of the conventional ultra-thin-body (UTB) semiconductors (Si, GaAs, InAs, etc.). The Ion 
current also surpasses most of its competitors. This is significant in the sense that high-performance PMOS is in 
principle more challenging to implement than NMOS because holes have lower mobility and larger effective mass 
than electrons. 
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ACS Nano, 2013, 7 (7), 5870 3 44 
 
 
 
 
 
WSe2 
Nano Lett. 2012, 12, (7), 3788 0.7 250 NO2 doping, 
high-k dielectric 
Nano Lett., 2013, 13 (5), 1983 0.7 142 electrons, 
Indium 
contacts 
ACS Nano, 2014, 8 (7), 7180 0.7 30 polymer 
electrolyte 
gating 
Sci. Rep., 2015, 5,8979 8 350 
 
Nano Lett., 2016, 16 (3), 1896 3.5 200 Nb-doped 
contacts 
ACS Nano, 2014, 8 (8), 8653 0.7 7.3 CVD 
Nano Lett., 2015, 15 (8), 4928 5 27.4 electrons 
5 42.6 holes 
 
 
 
MoTe2 
ACS Nano, 2014, 8 (6), 5911 2.7 20 holes 
6 27 electrons 
J. Am. Chem. Soc., 2015, 137 (37), 
11892 
3.1 1 
 
Adv. Mater.,  2014, 26(20), 3263 2.1 0.03 holes 
2.1 0.3 electrons 
 
 
WS2 
ACS Nano, 2014, 8 (8), 8174 0.7 1 
 
Nano Lett., 2014, 14 (11), 6275 5 60 Chloride 
Molecular 
Doping 
ACS Nano, 2014, 8 (10), 10396 6~8 234 
 
Sci. Rep.,2014, 4, 5219 42 16 
 
 
